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1. Introduction 
Acanthamoeba castelzanii [ 1 ] is a useful organism 
for the investigation of eukaryotic cell differentiation 
at the chemical level. Protozoa show many properties 
characteristic of cells of higher organisms such as 
phagocytosis, pinocytosis [2,3] and osmoregulation 
[4]. Acanthamoeba, in particular, can undergo a 
certain degree of differentiation in that it can exist as 
a trophozoite or a cyst depending on the growth 
medium [S-7]. 
By virtue of its non-destructive nature, high resolu- 
tion NMR spectroscopy is ideally suited to the study 
of the chemical composition, and changes thereof, in 
living organisms. The selectivity and resolution of the 
method with respect to the chemical nature of cellu- 
lar components renders it attractive for studies of 
cell physiology [ 8,9]. 
In the course of our studies of the osmoregulatory 
properties of Acanthamoeba castellanii it became 
evident that washed cells contain large amounts of a 
low molecular weight sugar, and that the nature of 
the sugar changes on going from the vegetative to 
the encysted state. We have identified the sugar in 
encysted Acanthamoeba castellanii as cY,o-trehalose 
using 13C NMR and verified the assignment by thin- 
layer chromatography. We believe this to be the first 
observation of ct,o-trehalose as a metabolic product 
in Acanthamoeba, in both the vegetative and encysted 
organism. 
2. Materials and methods 
Amoeboid cells of Acanthamoeba castellanii (Neff 
strain) [I] were obtained from Dr J. E. Thompson, 
ElsevierlNorth-Holland Biomedical Press 
University of Waterloo, Canada. Growth conditions 
were as in [lo]. Trophozoites were obtained from 
7-day-old cultures. Encysted cells were obtained by 
adding 50 mM MgCla to 7-day-old cultures [6,7], or 
by transfer to encystment medium maintaining con- 
stant pH during encystment [S]. Ampicillin (40 mg/l) 
was added to cultures which were to be maintained 
for long periods. Cells were harvested by centrifuga- 
tion at 800 X g for 5 min and washed 3 times in 
water or 0.1 M KC1 to remove traces of growth 
medium. 
Extracts of cells were performed by the method of 
Bligh and Dyer [ Ill. The aqueous phase was placed 
on a rotary evaporator to remove methanol and then 
freeze-dried. The chloroformcontaining phase was 
dried on a rotary evaporator, placed under vacuum 
for 12 h to remove traces of solvent and redispersed 
in chloroform for NMR spectroscopy. Whole cells 
for 13C NMR were freeze-dried from a washed pellet 
and resuspended in aqueous medium. 
13C NMR spectra were obtained on Varian CFT-20 
and Bruker CXP300 spectrometers operating at 20 
and 75 MHz, respectively. Samples were run in 10 
mm and 15 mm sample tubes at 30°C, with proton- 
decoupling. All chemical shifts are reported with 
respect to external tetramethylsilane. 
3. Results and discussion 
Fig.1 shows the natural abundance 13C NMR 
spectrum of cysts of Acanthamoeba castellanii. The 
cysts were from a 1 liter 16dayold, culture to 
which 50 mM MgClz was added at 7 days; 200 ml 
culture were centrifuged and resuspended in 2 ml 
DzO for NMR. Identical spectra were obtained from 
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Fig.1, ‘“C NMR spectrum of encysted Acanthamoeba c stellanii: observed at 75 MHz, 10 kHz sweepwidth, 16 000 data points, 
acquisition time 0.8 s. 30 ws pulsewidth (90”). complete proton noise decoupling, 23 000 scans, 2 Hz line broadening, 3 point 
smoothing, 3O”C, in water at pH 6.0, sample tube 15 mm diam. 
cysts which had been transferred to encystment 
medium at 7 days and examined by NMR at 21 days. 
A number of sharp resonances characteristic of 
material which is freely rotating and of low Mr 
(< 2000) are observed in the central part of the spec- 
trum, in addition to weaker resonances at lower and 
higher field. The number of sharp resonances, as well 
as their chemical shifts, suggest he possibility that 
they arise from monomeric or oligomeric hexose. 
The less intense signals which are superimposed on a 
very broad component may arise from less mobile 
cellular components such as protein or lipid aggre- 
gates. 
To investigate whether vegetative cells showed 
similar simple spectra, we examined freeze-dried vegeta- 
tive cells or Bligh-Dyer [ 1 l] extracts of vegetative 
cells to insure that over the time course of the experi- 
ment lysis of cells under anaerobic conditions would 
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not lead to erroneous measurements. Fig.2 shows the 
components isolated from the aqueous phase of a 
Bligh-Dyer extract of 7-day-old Acanthamoeba 
castellanii. The spectra contain the same narrow 
resonances een in the cysts, as well as additional nar- 
row resonances. No broad resonances are seen at high 
or low field. Fig.3 shows the 13C NMR spectrum of 
whole freeze-dried cells resuspended in aqueous 
medium. The resonances are less well defined than in 
the spectrum of the Bligh-Dyer extract, and in addi- 
tion there is a clearly resolved resonance at 100.7 
ppm which was not present in the spectra of either 
of the cysts or the cell extract. 
In all the above spectra the pattern as well as the 
chemical shift distribution of the narrow resonances 
are characteristic of sugars [ 12- 151. Among the pos- 
sible contributions to the r3C NMR spectrum are glu- 
cose, cellulose and glycogen. The presence of glucose 
Fig.2, Upper spectrum: 13C NMR spectrum of the aqueous phase from a Biigb-Ryer extraction of ~~~y~~~Ac~~fka~~k# 
cusfellonii: observed at 20 MHz, 5 kH2 sweepwidth, 5000 data points, acquisition time OS s, 15 ~.rs pulsewidth (60”), 800 MS 
adelay (the time between the pulse and the start of data acquisition), complete proton noise decoupling, 8319 scans, 3O”C, in 
D,O at pH meter reading 6.4, sample tube 10 mm diam, Lower spectrum: 13C NMR spectrum of ~,~-trehalose in aqueous olu- 
tion ; spectral acquisition parameters are as above. 
Fig.3. 13C NMR spectrum of freeze-dried whole vegetative cells o~Ac~~fka~~~ castellonii: observed at 20 MHz, 4 MIz sweep- 
width, 4000 data points, 8000 Fourier transform, acquisition time 0.5 s, 12 MS pulsewidth (4S”), 800 MS o-delay, proton noise 
decoupling, 160 000 scans, 3O’C in D,O at a pH meter reading of 6.5, sample tube IO mm diam. 
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Table 1 
13C Chemical shifts of glucose and glucose oligomers 
Sugar Anomer Unita C-l c-2 c-3 c-4 c-5 C-6 [Ref.] 
Glucose 01 
P 
Trehalose o,o 
Maltose 0. 
P 
Isomaltose 01 
P 
Maltotriose OL 
P 
Cellobiose (Y 
P 
r 
r 
n 
r 
n 
r 
r 
m 
n 
r 
r 
n 
93.1 12.5 73.8 10.7 12.5 61.7 [12] 
91.0 15.2 11.0 70.1 76.8 61.8 
94.4 73.3 13.1 70.9 12.2 61.7 ’ 
93.1 12.5 14.4 78.3 11.2 62.0 [12] 
91.1 15.2 11.3 78.1 15.1 61.8 
100.8 73.8 74.1 71.5 72.8 61.7 
93.4 73.0 74.3 71.3 71.3 67.1 [12] 
97.3 15.3 11.2 70.8 15.5 67.1 
99.3 73.3 74.3 70.8 12.1 61.8 
93.4 13.4 14.1 78.5 71.6 62.4 [13] 
97.1 75.9 77.8 78.9 76.3 62.4 
101.1 73.1 74.7 78.5 72.7 62.4 
101.1 74.3 75.1 11.2 73.4 62.4 
93.2 72.9 12.9 80.1 71.6 61.8 [13] 
91.1 15.7 76.1 80.1 75.7 61.8 
103.9 74.1 17.2\) 71.1 77.4b 62.4 
a r, reducing unit; n, non-reducing unit; m, middle unit 
b Assignments could be reversed; c determined in this laboratory 
Table 2 
r3C Chemical shifts of sugars in Acanthamoeba castellaniia 
Whole cysts Trophozoite 
aqueous olution Bligh-Dyer extract 
aqueous phaseb 
s Assignment 6 Assignment 
Trophozoite 
freezedried cells 
aqueous uspension 
6 Assignment 
94.4 T C-l 97.0 WI C-l 100.7 
13.1 T C-3 94.4 T C-l 97.1 
73.3 T C-2 93.2 G(o) C-l 94.5c 
72.2 T C-5 17.0 G(P) c-3 93.2 
70.9 TC-4 16.9 1 G(P) c-s 71.9 
61.7 TC-6 75.3 G(P) c-2 77.0 
73.9 G(o) c-3 76.9 1 
73.7 T c-3 15.2 
13.3 T c-2 73.8 
12.6 G(o) C-2&-5 12.5 
72.2 T c-5 10.1 
70.8 {G(o$) C-4 61.7 
T c-4 
61.9 G(o$) C-6 
61.8 1 T C-6 
M 
G(p) C-l 
T C-l 
G(o) C-l 
M 
G(P) c-3 
G(P) c-5 
G(P) c-2 
G(o) c-3 
G(o) C-2 C-5 
G(oS) C-4 
G(o8) C-6 
a T, trehalose ((~,a); G, glucose; M, (l+4)a_ar-D glucopyranosyl linkage such as in 
maltose or higher oligomer thereof 
b Trehalose:cr-glucose:@glucose; Ratio 2:5:8; ‘Weak intensity 
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in the washed cells might be expected as a result of 
uptake from the growth medium by pinocytosis and 
phagocytosis, the characteristic nutritive mechanisms 
[5] for Acunthamoeba. Cellulose has been reported 
as a major consituent of the cyst [ 161, while glycogen 
is found in the trophozoite and is believed to be 
degraded to glucose prior to formation of cellulose in 
the cyst [17]. 
Table 1 shows the 13C chemical shifts of glucose 
and some naturally-occurring glucose oligomers, 
dissolved in aqueous olution [ 12,141. Table 2 shows 
the major 13C resonances from Acanthamoeba 
castellanii n the encysted and vegetative states. 
Comparison of the chemical shifts in tables 1 and 2 
allows us to assign all the resonances in the encysted 
state of Acanthamoeba tocu,cY-trehalose ( r-D-gluco- 
pyranosyl cu-D-glucopyranoside). The aqueous phase 
of the B&h-Dyer extract of the vegetative cells shows 
only glucose ((u- and fl-anomers) and ar,a-trehalose, 
the latter representing IO-15% of the total. The 
spectrum of the freeze-dried whole cell shows well- 
resolved resonances; however, in addition to glucose 
and trace amounts of cr,a-trehalose w  observe reso- 
nances characteristic of maltose (4XIiu-D-glucopyra- 
nosy1 D-glucopyranose) or a higher oligomer such as 
maltotriose [Oa-D-glucopyranosy1(1+4)~~-D- 
glucopyranosyl (l-+4)-D-glucopyranose]. Maltose and 
maltotriose could be terminal residues of glycogen or 
products of glycogen metabolism. We do not find 
any evidence for the presence of cellobiose (4-&3-D- 
glucopyranosyl D-glucopyranose) which has a charac- 
teristic resonance at 103.7 ppm. This implies that we 
are not observing any oligomeric precursors of cellu- 
lose. High A4, components with long rotational corre- 
lation times would not be observed under the present 
spectrometer operating conditions [18]. 
Fig.4. ‘sC NMR spectrum of the organic phase from a Bligh-Dyer extract of vegetative cells of Acunfhamoebu casrelhnii: observed 
at 20 MHz, 5 kHz sweep width, 5000 data points, 8000 Fourier transform, acquisition time 0.5 s, I5 PS pulsewidth (60”), 800 
gs udelay, complete proton noise decoupling, 7172 scans, 3O”C, in CdCl,, sample tube 10 mm diam. (a) High field portion of 
spectrum; (b) low field portion of spectrum. 
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op-Trehalose was further identified in cellular 
extracts by thin-layer chromatography on silica gel 
in the solvent system n-butanol/pyridine/water 
(10:3:3), showing the same mobility as an authentic 
sample of cup-trehalose. 
The weaker resonances in the whole cysts as well 
as in the freeze-dried cells can be identified; they 
arise mainly from the lipids. Fig.4 shows a 13C NMR 
spectrum of the organic phase of a B&$-Dyer extract 
of vegetative cells. All the resonances can be assigned 
[ 191 by assuming the mixture contains the major 
phospholipids found in Acanthamoeba, i.e., phospha- 
tidylcholine (45%) and phosphatidylethanolamine 
(33%) [20], and that the main fatty acid chains are 
oleic acid (40-50%) and longer polyunsaturated 
fatty acids (20-30%) 1201, as modeled by linoleic 
acid. Fatty acid analyses have been performed on 
trophozoites in this laboratory and found to be in 
general agreement with those reported in [20]. 
4. Conclusion 
cu,a-Trehalose has been reported as a storage sugar 
in a number of Protista and Metazoa. Among the 
higher organisms it has been extensively studied in 
Nematoda [21 J and Arthropoda (Insecta [22,23]). 
In the Protista, fungi [24], slime molds [25] and 
protozoa [26] have been shown to store crp-trehalose. 
To our knowledge the only report of a,&trehalose 
in protozoa is in Euglena (class Mastigophora [26]). 
It is believed that trehalose can serve as a reserve of 
carbohydrate and energy, but the quantities available 
in Euglenu are too small to account for the full 
energy reserve [26]. We have seen that in Acantha- 
moeba castellanii (class Sarcodina) trehalose appears 
to be the only oligomeric sugar present in the encyst- 
ed form. This sugar can also be observed in the 
trophozoite; however glucose, and to a lesser extent 
maltose or oligomers thereof, are predominant. It 
would appear that trehalose remains fairly stable in 
encysted cells, as spectra obtained from 16-day-old 
encysted cells and 77-day-old cysts are similar, 
whereas the levels of nucleotide phosphates, as 
monitored by 31P NMR, have changed considerably 
(R. D., H. J. J., R. A. B., I. C. P. S., in preparation). 
This study demonstrates clearly the utility of 
NMR of 13C in natural abundance to monitor meta- 
bolic products in living systems. The use of r3C-la- 
belled trehalose or glucose should permit the study 
of the metabolic fate of trehalose in cysts which are 
permitted to de-encyst and develop in normal nutri- 
tive media, delineating further the role of trehalose as 
a carbohydrate and energy reserve. 
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